Chronic hepatitis B (CHB) can progress into liver fibrosis and cirrhosis with poor outcomes. Early and accurate diagnosis of liver fibrosis/cirrhosis is important to guide the preventive strategy of their related complications.
INTRODUCTION
Chronic hepatitis B (CHB) causes liver fibrosis and then liver cirrhosis and hepatocellular carcinoma, which can result in lifethreatening complications, such as gastrointestinal bleeding and liver failure (1, 2) . In the algorithm for management of CHB, early and accurate diagnosis of liver fibrosis/cirrhosis is particularly important to guide the preventive strategy of their related complications (3) . Currently, liver biopsy remains the gold standard approach for staging liver fibrosis, but is often limited by its invasiveness, poor acceptance, sampling variability, and complications (4, 5) . In addition, repeated biopsy is often unacceptable for dynamic assessment of progression and regression of liver fibrosis. In this setting, the physicians have paid more and more attention to noninvasive assessment of liver fibrosis by physical examinations, routine biochemical and hematological tests, and surrogate serum fibrosis markers (6, 7) . Several noninvasive models have been developed, such as the FibroTest (8) , aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio (AAR) (9) , AST to platelet index (APRI) (10) , and Hepascore (11), etc. However, their diagnostic accuracy is not satisfactory. For example, the evidence from meta-analyses of 37 articles suggested that the APRI had moderate diagnostic performance for significant fibrosis, advanced fibrosis, and cirrhosis in patients with CHB with summary areas under the receiver operating characteristic curve of less than 0.8 (12) . Some components included in these models, such as haptoglobin, a2-macroglobulin, and apolipoprotein A1, are not routinely available in clinical practice. It has been reported that liver stiffness measurement (LSM) may have a higher diagnostic accuracy for assessment of advanced liver fibrosis and cirrhosis than serum biomarkers in patients with CHB (13, 14) , but its usefulness is often questioned in some specific population (i.e., obesity and ascites) (15) . In addition, the performance of noninvasive markers for diagnosing middle stages of fibrosis is reduced (16) .
We have conducted a Chinese multicenter cross-sectional study involving 1,200 patients with CHB to develop and validate a noninvasive program (i.e., Chin-CHB score) for accurately differentiating liver fibrosis stage by stage based on 30 routinely available parameters.
METHODS

Study design
The study protocol was approved by the ethical committees of all 14 Inclusion criteria were as follows: (i) men or women aged 18-65 years, positive hepatitis B surface antigen (HBsAg) for at least 6 months; (ii) as for HBeAg-positive CHB, HBV DNA $20,000 IU/mL and ALT $2 3 upper normal limit, as for HBeAg-negative CHB, HBV DNA $2,000 IU/mL and ALT $2 3 upper normal limit, or clinically compensated cirrhosis with detectable serum HBV DNA regardless of the ALT level; (iii) a baseline liver biopsy specimen obtained within 4 weeks before enrollment; and (iv) no antiviral or antifibrotic therapy within 6 months before enrollment. Exclusion criteria were as follows: (i) coinfection with other virus hepatitis or chronic liver diseases; (ii) liver biopsy was inadequate for grading and/or staging; (iii) one or more variables were missing; and (iv) decompensated cirrhosis or history of any concurrent malignancy.
Laboratory tests
Fasting blood samples (10 mL) were collected and processed independently at each center. Major laboratory parameters included complete blood counts, urea, creatinine, bilirubin, g-glutamyl transpeptidase, alkaline phosphatase (ALP), albumin, albumin/globulin ratio, AST, ALT, prothrombin index, a-fetoprotein, triglycerides, total cholesterol, low-density lipoprotein, high-density lipoprotein, apolipoprotein A1, haptoglobin, hyaluronic acid (HA), propeptide of type III procollagen, a2-macroglobulin, HBsAg, HBsAb, HBeAg, HBeAb, HBcAb, and HBV DNA level.
The AAR value was calculated by the formula : ðAST=ALT ratioÞ:
The Hepascore value was calculated by the formula:
with age provided in years, male 5 1, female 5 0, a2-macroglobulin in g/L, HA in mg/L, TBIL in mmol/L, and GGT in U/L. Clinical and Translational Gastroenterology should be above 60%; and (iii) an interquartile range (IQR), which reflects the variability of measurements, should be less than 30% of the median value (M) of LSM (IQR/M # 0.30%). LSM result is expressed in kilopascals (kPa), which ranges from 1.5 to 75 kPa with a normal value of 5 kPa.
Spleen diameter measurement
Diameter of the spleen (dSpleen), which refers to the maximum spleen bipolar diameter, was estimated on ultrasounds by an experienced operator at each center. dSpleen is expressed in millimeters (mm).
Liver histology
Ultrasound-guided liver biopsy was performed. A Quick-cut needle or Menghini needle (16 G) was used for biopsy. Specimens were fixed with 10% formalin, routinely embedded in paraffin, and stained with hematoxylin/eosin and Masson trichrome. As for the required liver histological specimens, the minimal length should be 2.0 cm with at least 11 portal tracts. All liver histological specimens from 14 sites were reviewed independently by 2 pathologists, who were blinded to the clinical and laboratory data. Liver fibrosis was staged using the MET-AVIR score as follows (17): F0 5 no fibrosis; F1 5 portal fibrosis without septa; F2 5 portal fibrosis and few septa; F3 5 numerous septa without cirrhosis; and F4 5 cirrhosis. Significant fibrosis was defined as a METAVIR score of 2 or higher, advanced fibrosis as a METAVIR score of 3 or higher, and cirrhosis as a METAVIR score of 4. Necroinflammatory activity was graded on a 4-point scale, A0 5 no activity; A1 5 mild activity; A2 5 moderate activity; and A3 5 severe activity.
Statistical analyses
Quantitative variables are expressed as medians (IQR) and compared by the nonparametric test, whereas categorical variables are expressed as numbers (percentage) and compared by the Fisher exact test.
Logistic regression with ℓ 1 penalty of regression coefficients was used to select the optimal predictors associated with various stages of liver fibrosis. The accuracy of diagnosing the stage of liver fibrosis was assessed by the area under the receiver operator characteristic curve (AUC). Cross-validation was adopted to select variables, and tuning the shrinkage parameter, lambda, 5-fold cross-validations were repeated 10 times with different splits for the data. The penalized logistic regression was fitted on training sets and subsequently used to predict the binary labels of the validation sets. And we selected the lambdas with the best prediction AUC on validation set for each time, which could shrink some coefficients to zeros. Ordinal logistic regression was used to build an ordered regression model for the each end point (significant fibrosis, advanced fibrosis, and cirrhosis) with the selected optimal variables (18) . After fitting the model, a linear combination of the optimal variables with cumulative link model was built, which is named as the Chin-CHB score with the values of LSM provided in kPa, PLT in 10 9 /L, age in years, dSpleen in mm, and HA in mg/L. S represents the stage of liver fibrosis. S1, S2, and S3 represent significant fibrosis, advanced fibrosis, and cirrhosis, respectively. S is the sharing measurement of 3 classification problems, and u i is the intercept, which corresponds to each class.
The conditional cumulative probabilities are as follows:
Stage of fibrosis resulted from an "incomplete measurement" of the Chin-CHB score, where one only determines the interval into which S fell:
Stage of fibrosis Cumulative probability Formula
Significant fibrosis
PðSign:jDataÞ 5
Advanced fibrosis
PðAdva:jDataÞ 5 Notes: Xaxis refers to the frequency of the most stable variables for staging liver fibrosis, which were selected in the model. In the training set, we performed penalized logistic regression analyses 100 times. Every time, we would select some optimal variables. If a variable was selected 100 times, the frequency would be 100%. If a variable was selected 50 times, the frequency would be 50%. ADA, adenosine deaminase; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMG, a2-macroglobulin; AST, aspartate aminotransferase; BMI, body mass index; BUN, blood urea nitrogen; CHB, chronic hepatitis B; dSpleen, diameter of the spleen; FIB, fibrinogen; GGT, g-glutamyltransferase; GLO, globulin; HA, hyaluronic acid; HPT, haptoglobin; LSM, liver stiffness measurement; PIINP, propeptide of type III procollage; PT prothrombin time; TBL, total bilirubin; WBC, white blood cell. Comparison of the Chin-CHB score with the AAR, LS alone, APRI, and Hepascore was implemented with R software (www.Rproject.org). The diagnostic accuracy for identifying the stage of hepatic fibrosis was assessed with the AUC, sensitivity, specificity, positive predictive value, negative predictive value, and likelihood ratio with 95% confidence intervals (CIs).
RESULTS
Patient characteristics
Overall, 1,460 patients with HBV were enrolled and screened for eligibility. Among them, 260 patients were excluded because of decompensation (n 5 71), undetectable HBV DNA (n 5 64), absence of relevant serum markers (n 5 46), unreliable LSM (n 5 32), coexisting liver diseases (n 5 14), withdrawal of informed consent (n 5 14), inadequate liver tissue specimens for staging liver fibrosis (n 5 10), and previous HBV therapy within 6 months (n 5 9). Finally, 1,200 patients were included in the final analysis. According to the liver histological findings, 310 (25.8%) had cirrhosis, of whom 186 had normal ALT; 192 (16.0%) had F3 fibrosis; 456 (38.0%) had F2 fibrosis; and 242 (20.2%) had F0/1 fibrosis.
Among them, 800 patients were assigned to the training set and 400 patients to the validation set according to the regional representativeness and sample size. Most of the baseline variables were comparable between training and validation sets (Table 1) . But the validation set had a higher proportion of patients with HBV DNA load .5 3 10 5 IU/mL (60% vs 53%, P 5 0.018) and higher quantitative HBsAg levels (3.13 vs 2.17, P 5 0.042). 
Predictors associated with stage of liver fibrosis
Except for the creatinine level, nearly all variables were significantly different among the 4 stages of liver fibrosis (see Figure 1 , Supplementary Digital Content 1, http://links.lww.com/CTG/A31). The top 5 significant predictors for distinguishing between significant fibrosis and mild fibrosis included drink, dSpleen, LSM, PLT, and HA (Figure 1a) . The top 5 significant predictors for distinguishing between advanced fibrosis and nonadvanced fibrosis included age, LSM, PLT, dSpleen, and quantitative HBsAg level (Figure 1b) . The top 5 significant predictors for distinguishing between cirrhosis and noncirrhosis included age, LSM, dSpleen, PLT, and AMG (Figure 1c) . Based on the statistical results above, we calculated the mean selection frequency of all predictors and further ranked them. Consequently, LSM, PLT, age, HA, and dSpleen were the top 5 predictors associated with any stage of liver fibrosis (Figure 1d ). Correlation heat map also suggested that the 5 predictors highly correlated with different stages of liver fibrosis, and the overlap was the minimal among each other (see Figure 2 , Supplementary Digital Content 2, http://links.lww.com/ CTG/A32).
A novel noninvasive program for staging liver fibrosis LSM, PLT, age, HA, and dSpleen were composed of a novel noninvasive program (i.e., Chin-CHB score). AUCs of the Chin-CHB score for diagnosing significant fibrosis, advanced fibrosis, and cirrhosis were 0.893 (95% CI: 0.77-0.92), 0.897 (95% CI: 0.85-0.95), and 0.909 (95% CI: 0.87-0.95), respectively. The accuracy of the Chin-CHB score for diagnosing significant fibrosis (P 5 0.882, Figure 2a ), advanced fibrosis (P 5 0.402, Figure 2b ), and cirrhosis (P 5 0.538, Figure 2c ) was similar between the training and validation sets. Finally, we developed an automated program, which can be available online.
Comparison with other models for staging liver fibrosis
Chin-CHB score, LSM alone, and APRI score were significantly different among the stages of fibrosis (P , 0.0001, P 5 0.021, and P 5 0.0461, respectively), but not AAR or Hepascore (P 5 0.497 and P 5 0.058, respectively) (Figure 3a-e) . The Chin-CHB score obtained in the validation cohort had higher accuracy than the APRI, AAR, LSM alone, and Hepascore for diagnosing significant fibrosis (P , 0.001, Figure 4a and Table 2 ), advanced fibrosis (P , 0.001, Figure 4b and Table 3 ), and cirrhosis (P , 0.001, Figure 4c and Table 4 ). Compared with other established models, the Chin-CHB score had the highest positive likelihood ratio and lowest negative likelihood ratio for diagnosing significant fibrosis (Table 2) , advanced fibrosis (Table 3) , and cirrhosis (Table 4) .
DISCUSSION
Liver biopsy is the golden standard for diagnosis and risk stratification of liver fibrosis, but is invasive, poorly compliant, and costly. Its wide application is neither realistic nor suitable for all patients in real-world clinical practice. Alternative approaches for noninvasive diagnosis of liver fibrosis are very attractive. They are primarily classified as individual serum biomarkers, scores combining demographic and clinical data and serum biomarkers, and imaging (see Figure 3 , Supplementary Digital Content 3, http://links.lww.com/CTG/A33). Their specific properties lead to the respective advantages and disadvantages in diagnosing liver fibrosis. More recently, the researchers prefer to combine demographic and clinical data, serum biomarkers, and imaging to achieve better diagnostic performance.
This study had an intent to develop and validate a novel noninvasive program (i.e., Chin-CHB score) for accurately staging liver fibrosis in untreated patients with CHB. There are some advantages in conducting this study, as follows: (i) a large prospective database included 1,200 patients with CHB from multiple centers (800 patients for a training set and 400 patients for a validation set); (ii) the nature of the study population was relatively homogeneous (i.e., patients had HBV alone and were not receiving HBV therapy); (iii) a central pathological analysis was performed to unify the stage of liver fibrosis; (iv) except for cirrhosis as an observed end point, significant and advanced fibrosis were evaluated to prevent the "spectrum bias"; (v) the statistical results were similar between the training and validation sets, suggesting an excellent reproducibility of the new program; and (vi) 5 components produced to calculate the score are readily available for patients with CHB and often prescribed by hepatologists in .Cutoff (n) 35 161 AAR, aspartate aminotransferase/alanine aminotransferase ratio; APRI, AST to platelet index; AUC, area under the receiver operator characteristic curve; CHB, chronic hepatitis B; LR2, negative likelihood ratio; LR1, positive likelihood ratio; LSM, liver stiffness measurement with FibroScan; NPV, negative predictive value; PPV, positive predictive value. regular clinical practice. Our study found that the new program had a high diagnostic performance for different stages of liver fibrosis and that its diagnostic performance was better than other established models and methods (i.e., APRI, AAR, LSM alone, and Hepascore). A potential explanation for better diagnostic performance of the new program might be an effective combination of 5 variables from various directions. First, LSM, an elastic variable, is rapid and easy to perform in clinical practice (14) . Notably, LSM has the greatest power among these components for the new program. However, the diagnostic performance of LSM is readily influenced by the nature of selected population. Among patients with intermediate stages of fibrosis or hepatic inflammation, the diagnostic performance of LSM may be reduced. Second, PLT and dSpleen are 2 important markers for noninvasive assessment of esophageal varices (19) (20) (21) , which are associated with an increased portal pressure. Baveno VI consensus also recommends the usefulness of PLT and dSpleen for ruling in clinically significant portal hypertension (22) . Indeed, both esophageal varices and clinically significant portal hypertension can reflect the stages of severe fibrosis and cirrhosis in chronic liver diseases. Third, age, an important demographic variable, is positively associated with progression of chronic liver diseases. In China, where HBV is endemic (23) , mother-to-child transmission has been recognized as one of the most common approaches of CHB (24) . It is reasonable that the severity and progression of liver injury since HBV infection by perinatal transmission correlate with the age of untreated individuals with CHB. Fourth, HA, a serum marker, is primarily synthesized in the liver (25) . Degradation of HA is gradually impaired with progression of liver diseases. Earlier studies suggested the role of HA for the assessment of liver fibrosis (26) . Taken together, the 5 variables from 4 major dimensions, including one elastic marker for liver fibrosis, 2 markers for portal hypertension, one demographic marker, and one serum marker for liver fibrosis, were integrated into a program to further improve the diagnostic performance.
This study had several limitations. First, this is a crosssectional study without any longitudinal follow-up data to assess the significance of this new program for the progression or regression of liver fibrosis in patients with CHB. Second, other liver elasticity-based imaging techniques, such as point shear-wave elastography, 2D shear-wave elastography, and magnetic resonance elastography, are not compared in this study. Third, other serum biomarkers, such as Fibrometer, Lok index, and Hui score, are not compared in this study. Fourth, external validation in other racial populations is lacking. Fifth, intercenter variations in the laboratory testing cannot be avoided among centers, despite the training was performed in collecting the blood samples, selecting the same assays, and measuring the LSM before starting this trial.
In conclusion, we developed and validated a novel noninvasive program, which was composed of LSM, PLT, age, HA, and dSpleen, for assessing the stage of liver fibrosis in Chinese untreated patients with CHB (see Figure 4 , Supplementary Digital Content 4, http://links.lww.com/CTG/A34). Generally, this novel program is not only cheap and readily available but also more accurate than several established models or methods. Certainly, external validation should be warranted before its application in clinical practice.
CONFLICTS OF INTEREST
Guarantor of the article: Yongping Yang, MD, PhD. Specific author contributions: Yan Chen, MD, PhD, Yongji Wang, PhD, Yongping Chen, MD, Zujiang Yu, MD, PhD, Xiaoling Chi, MD, Ke-Qin Hu, MD, and Qin Li, MD, contributed equally to this work. Y.C. wrote the protocol, collected the data, performed the statistical analysis, interpreted the data, and drafted the manuscript. Y.W. and K.-Q.H. interpreted the data and revised the manuscript. Y.C., Z.Y., X.C., Q.L., L.T., D.X., Q.S., C.L., L.C., X.H., J.W., H.L., W.L., W.C., Z.D., X.W., Z.L., H.X., D.C., W.B., C.Z., G.X., X.Q., J.C., L.Z., H.S., M.D. collected the data, interpreted the data, and gave critical comments. X.Q. interpreted the data and gave critical comments. Z.Z. performed the statistical analysis, interpreted the data, and drafted the manuscript. X.Q. interpreted the data, gave critical comments, and drafted and revised the manuscript. Y.Y. conceived the work, wrote the protocol, collected the data, performed the statistical analysis, interpreted the data, had the access to all data, and drafted and revised the manuscript. All authors have made an intellectual contribution to the manuscript and approved the submission. 3 Currently, liver biopsy remains the gold standard approach for staging liver fibrosis, but has some limitations.
3 Several noninvasive serum models have been developed, but their diagnostic performance is unsatisfactory.
3 LSM measurement seems to have an improved diagnostic performance, but is questioned in middle stages of fibrosis.
WHAT IS NEW HERE
3 A novel noninvasive program, named as the Chin-CHB score, is developed and validated in this cross-sectional study involving 1,200 patients with CHB from 14 Chinese centers. It is composed of 5 regular variables (i.e., LSM, platelet, age, HA, and dSpleen).
3 The Chin-CHB score has better diagnostic performance for any stage of liver fibrosis than several established models and methods, including a ratio of AST to ALT, AST to platelet index, Hepascore, and LSM.
TRANSLATIONAL IMPACT
3 In future, the physicians may use the Chin-CHB score to easily and accurately assess the stage of liver fibrosis and avoid the invasiveness of liver biopsy.
